rhesus-specific assays that allow much broader rhesus Ig and TCR repertoire analysis 1 4 8 both at the single cell level and using 5' RACE. These results furthermore demonstrate 1 4 9 1 7 0 circular consensus sequence of a single molecule. CCS reads were classified as non-full-1 7 1 length and full-length, where the latter has all of the following detected: polyA tail, 5' 1 7 2 cDNA primer, and 3' cDNA primer. full-length and non-full-length CCS sequences were 1 7 3 aligned to immunoglobulin (Ig) and T cell receptor (TCR) databases using IGBLAST 1 7 4 9 v1.8.0 [54] and IMGT annotation [55] . Separate searches were carried out using either 1 7 5 human or rhesus macaque germline V, D, and J sequences where available (both for Ig, 1 7 6 only human for TCR). Full-length Ig hits were kept for downstream analyses when they 1 7 7 were deemed functional by IgBLAST output, meaning they lacked premature stop codons 1 7 8 and were in-frame. When Ig hits had both rhesus and human database hits, the rhesus 1 7 9
annotation was used in all subsequent analyses. isoforms-without-genome). Ig and TCR sequences were clustered separately. We only 1 9 0 kept clusters with at least three constituent sequences for downstream consensus 1 9 1 sequence analysis. For those clusters with at least ten sequences we also performed a 1 9 2 second round of more stringent clustering using a 99% identity cutoff (-c 0.99 with CD-1 9 3 HIT) to separate quality sequences from those with multiple indels and to identify 1 9 4 potential allotypes. From the second round of more stringent clustering, consensus 1 9 5 sequences were generated using only the sequences from the largest remaining clusters, We first sought to characterize the constant regions of these full-length Ig and consensus (i.e. including the 3' UTR), while the coding regions were generated at both 2 9 8 the cDNA and protein level. We obtained the complete consensus sequences for the 2 9 9
following chain types and isotypes with multiple references noted in parentheses: IGHA 3 0 0 (5), IGHD, IGHE, IGHG1, IGHG2, IGHG3, IGHG4, IGHM (2), IGLC, IGKC, TCRAC, 3 0 1 TCRBC1, TCRBC2, TCRDC, TCRGC1, and TCRGC2. We thus recovered complete rhesus Ig reference sequences to be consistent with their corresponding secreted forms.
3 0 5
We identified three unique IGHA consensus sequences: two in both secreted and was confined to the hinge region, which has previously been reported to be highly We also identified all known subclasses of IGHG, TCRBC, and TCRGC. We suggests that commonly used human reference based IgBLAST searches could be 3 3 0
inaccurate for rhesus TCR repertoire analysis. Next, we used these consensus sequences of rhesus constant regions to classify the full- consensus sequences, we obtained successful assignments for 96% (5,415 / 5,666) of 3 3 7 these full-length Ig transcript sequences. Those transcript sequences that failed to align 3 3 8 tended to be other molecules from the immunoglobulin superfamily that contain V-set shown). To simplify the downstream analysis, we removed these transcripts from further 3 4 3 processing, yielding a final set of 5,384 full-length Ig transcript sequences (Table 1) . abundant than IGH isotypes in general, but they were still detected across each tissue. Similarly, we identified rhesus TCR transcript sequences by aligning raw full- sequences. This precluded any bias against rhesus TCR transcript sequences that 3 5 2 contained V, D, and J genes with low similarity to those in the human IMGT reference.
3 5 3
In total, we assigned 741 full-length CCS reads as rhesus TCR transcript sequences 3 5 4 (Table 2) , 50 of which (7%) we did not originally recover using the human IMGT 3 5 5
reference database ( Supplementary Fig. 1A ). This suggests there was a significant species-specific germline database is necessary for complete repertoire recovery. We We then assessed the sequence quality of these Ig and TCR transcripts, by quantifying insertion and deletion events within the alignments of their constant region sequences we obtained in this study.
3 7 5
We found the recovery of TCR transcripts to be significantly more accurate and 3 7 6 marginally more sensitive when using our custom TCR constant region database for 3 7 7
identification instead of the traditional IgBLAST approach with human germline annotation ( Supplementary Fig. 1A ). We thus elected to align CCS reads directly to our 3 7 9
custom Ig constant region database to make a similar comparison. We recovered 11,451 3 8 0
Ig transcripts using this strategy; of these, 5,384 (47%) were functional IgBLAST hits 3 8 1 (see Table 1 ), 5,858 (51%) were non-functional IgBLAST hits, and 209 (2%) were not 3 8 2 detected by IgBLAST ( Supplementary Fig. 1B) . B cells that contain non-functional region to harbor a complete variable region (127 or 1% overall) ( Supplementary Fig. 1B ), indicating that some variable region genes may be significantly diverged from those 3 8 9 annotated in IMGT. To assess our overall coverage of the rhesus Ig repertoire, we examined the usage of four tissue samples (Fig. 2) . The majority of IGHV and IGHJ genes detected were from 3 9 8
the IGHV4 and IGHJ4 families, respectively, while there was broad coverage of IGHD 3 9 9 gene families. Among light chain gene families, IGKV1 and 2 as well as IGLV1, 2, and 3 4 0 0
were the most frequent. IGKJ families were relatively less skewed in frequency, though 4 0 1 IGLJ1 was in slightly higher frequency than other IGLJ families. The only known gene 4 0 2 families we did not detect in these tissue samples were IGKV5, IGLJ4, and IGLJ5, likely 4 0 3 due to the overall lower abundance of light chain Ig sequences we observed (Table 1) .
Interestingly, relative frequencies of these different gene families were highly consistent 4 0 5
across the four tissues analyzed here ( Supplementary Fig. 2) , despite drastically different 4 0 6 sampling depth (Fig. 2) . Only light chain gene families within PBMCs and whole blood 4 0 7 deviated from this trend. Since we had significantly less detection of IGK and IGL 4 0 8 sequences in these tissues (Table 1) , their observed deviations require further 4 0 9
investigation. contained IGHV4-2 and/or IGHJ4 (Fig. 3) . Using the most abundant V and J genes, we 4 1 4
tested the independence of V-J recombination events. We observed a significant 1.9e-10). Furthermore, we discovered a strong positive correlation between the V-J 0.86). Since these two samples had highly different compositions of IGH isotypes ( Table   4 1 9 1), we also reasoned that there might be no discernable association between the variable The collection of unbiased full-length Ig and TCR transcript sequences also provided a the target of current repertoire amplification efforts. We assessed the efficiencies of three 4 2 7
commonly used rhesus-specific Ig MPCR strategies [27, 28, 31] , by examining the sites (1,383 sequences), IGHV1-1 (163 sequences), and IGHV3-9 (128 sequences), and 4 3 1 generated consensus profiles for each. We discovered that the rhesus primers designed to 4 3 2 target these genes all locate in regions rich in sequence diversity (Fig. 4) . For example, ), yet appeared to target a region in IGHV3-9 that had a low percentage of sequences 4 3 5
sharing the same consensus nucleotides (Fig. 4C) . The low consensus observed in all 4 3 6 three profiles at the 5' end of the cDNA sequence (left side of profiles) was likely a result 4 3 7
of the lack of guaranteed 5' capture among CCS reads. However, it was confined to To illustrate the limitation that the observed diversity could reduce the overall 4 4 1 coverage of these MPCR approaches, we evaluated these primer sets via in silico PCR 4 4 2 analysis with the full-length Ig transcript sequences as the source of potential template 4 4 3 transcripts (Fig. 5) . Similarly, we also leveraged known rhesus-specific MPCR strategies 4 4 4
for TCR [63, 64] in this analysis (Fig. 5 ). We first tested only the forward (V gene) and IGL amplification rates did not exceed 87% and were as low as 45% (Fig. 5A ).
7
Amplification rates for TCRA and TCRB were similar, ranging from 53% to 73% ( As expected, when we assessed both forward and reverse primers together, the 4 5 4 low percentages of sequences amplified largely remained the same (Fig. 5B) . Notably, Indeed, when we tested the constant region primers alone (Fig. 5C ), we found that rates, which was expected. Both our consensus profiling ( Fig. 4) and in silico PCR analysis ( Fig. 5A-C human primers (Fig. 6A) . Overall, the two human cDNA coding sequences had high targeted by the 10x human outer and inner primers ( Fig. 6A-C) . These primer primers are necessary to perform comparable single cell analysis for rhesus macaques. To properly design rhesus-specific Ig and TCR constant region primers that are with the rhesus consensus sequences. We found that only the inner primer for TCRB had data). We also included primers that target TCRD and TCRG in the final set of our To ensure these newly designed primers can amplify rhesus transcripts 5 0 5
experimentally, for each of them we designed a corresponding forward primer that was (Materials and Methods). We obtained the desired product size for each assay 5 0 9
( Supplementary Fig. 3 ), confirming that these rhesus specific primers newly designed for 5 1 0 single cell based V(D)J assays targeted rhesus Ig/TCR transcripts as expected. In some 5 1 1 assays, we also observed additional bands, but the desired bands tended to be visibly the 5 1 2 most prominent (7 of 8 outer primers and 2 of 5 inner primers tested). Many of those 5 1 3
additional bands were larger than the desired product size ( Supplementary Fig. 3) , template switch PCR; therefore, these forward primers are not needed and such off-target 5 1 7 amplification would not be a concern. Together, these results indicate that the primers we 5 1 8
designed will be useful for single cell assays and compatible with the 10x Genomics 5 1 9
platform. In this study, we profiled Ig and TCR repertoires using long read transcript sequencing of 5 2 2 tissues collected from Indian-origin rhesus macaques, one of the most widely used NHP including three newly identified reference sequences. While most of publicly available 5 2 8
rhesus Ig and TCR constant region sequences were computationally predicted from 5 2 9 genomic sequences and/or partial sequences, our reference sequences were from directly 5 3 0 sequenced transcripts and full length. We were able to define the coding regions for these 5 3 1 constant regions, yielding full coding sequences as well as cDNA sequences containing 5 3 2 3' UTRs.
3 3
An immediate benefit of having this complete constant region reference is 5 3 4
improved accuracy of rhesus Ig/TCR transcripts identification. For example, we found 5 3 5 that about 39% of rhesus TCR transcripts that we initially identified by the commonly on the alignment of their constant region portion against these reference sequences. This was also a contributing factor. In the future, we expect that our reference sequences will and TCR sequences in rhesus macaque, as the number of false positives will be 5 4 5 substantially abrogated.
4 6
These full-length Ig/TCR transcript sequences offered insights into the rhesus 5 4 7
immune system. For the Ig constant regions, we identified both cell membrane-bound and 5 4 8
secreted forms that we differentiated by distinct 3' end splicing. This demonstrates our 5 4 9
ability to detect the alternative splicing events among these multi-exonic regions. As the 5 5 0 genomic assembly and annotation of these constant region loci improves, long read 5 5 1 sequencing may enable discovery of similar alternative exon usage as described for 5 5 2
human Ig heavy chain constant region genes [70] . In addition, we recovered three hinge region is longer, the avidity for antigen interactions is increased at the expense of 5 5 5
increased susceptibility to pathogen-derived proteases known to target the hinge region 5 5 6
[71]. We suspect that our ability to identify hinge region variation was driven by the high 5 5 7
heterogeneity of the alpha constant region [68] as well as its highest frequency among the 5 5 8
Ig isotypes we recovered. Given the interspecies variability of IGHG between macaques 5 5 9
and humans [72] and the heterogeneity of rhesus IGHC genes in general [16] , it is 5 6 0
imperative that future rhesus Ig gene analyses also consider this allotypic diversity to 5 6 1 improve the translatability of NHP models.
6 2
Since we did not use any targeted experimental approaches to obtain these full-
length Ig/TCR transcripts, we were able to examine the diversities of rhesus Ig/TCR these assays failed to cover a significant percentage of these rhesus Ig/TCR transcripts.
7 5
We do not contend that this method be avoided altogether moving forward, but additional 5 7 6
improvements will be necessary. For example, databases of variable region gene 5 7 7
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